The effects of air drying soil on denitrifying enzyme activity, denitrifier numbers, and rates of N gas loss from soil cores were measured. Only 29 and 16% of the initial denitrifying enzyme activity in fresh, near field capacity samples of Maury and Donerail soils, respectively, were lost after 7 days of air drying. The denitrifying activity of bacteria added to soil and activity recently formed in situ were not stable during drying. When dried and moist soil cores were irrigated, evolution of N gas began, and it maximized sooner in the dried cores. This suggests that the persistence of denitrifying enzymes permits accelerated denitrification when dried soils are remoistened. Enzyme activity increased significantly in these waterlogged cores, but fluctuations in enzyme activity were small compared with fluctuations in actual denitrification rate, and enzyme activities were always greater than denitrification rates. Apparent numbers of isolatable denitrifiers (most-probable-number counts) decreased more than enzyme activity as the soils were dried, but after the soils were rewetted, the extent of apparent growth was not consistently related to the magnitude of N loss. We hypothesize that activationinactivation of existing enzymes by soil 02 iS of greater significance in transient denitrification events than is growth of denitrifiers or synthesis of new enzymes.
soils that had been stored air dried for 75 years denitrified at an initially greater rate than did fresh soil samples from the same plots. Subsequently, several others have clearly, if less dramatically, demonstrated the potential for dried soils to begin denitrifying rapidly upon rewetting (5, (9) (10) (11) . Stimulation of denitrification, and microbial activity in general, by drying and then wetting has generally been attributed to the release of decomposable organic matter (3) . The relevance of these observations to losses of N in the field, where soils may be subjected to rapid and frequent fluctuations in moisture content, is apparent.
Because denitrification rates were not related to denitrifier populations or enzyme activity in earlier studies and because N losses were only measured at long intervals, it has not been clear exactly how the potential for denitrification persists in dried soils and how denitrifiers respond when these soils become water saturated and anaerobic. The predominant soil denitrifiers are believed to be nonsporulating, facultative aerobes (7) . Therefore, it would be reasonable to postulate that drying results in large decreases in numbers of denitrifiers and their membrane-bound denitrifying enzyme systems. Subsequent saturation with water might then allow rapid proliferation of the small surviving population with derepression of denitrifying enzyme synthesis. However, only a few attempts have been made to relate denitrifier numbers and enzyme activity to actual rates of soil denitrification (6, 8, 14, 16, 17) . It is not at all clear from these studies if transient denitrification events, which occur when a dry soil is saturated, are primarily associated with activation of existing enzymes by 02 removal, with derepression of new enzyme synthesis by a constant-sized population, or with an increase in numbers of denitrifiers.
The objectives of this study were, specifically, to determine why dried soils are able to begin denitrifying rapidly after they are water saturated and, more generally, to examine how denitrifiers respond to changing soil conditions.
MATERIALS AND (14) . Soil (10 g) was amended with 25 ml of solution in a 125-ml Erlenmyer flask. In these experiments the solution contained 10 mM glucose, 5 mM KNO3, and 100 pLg of chloramphenicol ml-' in water. The flasks were stoppered, repeatedly evacuated and flushed with N2 which had passed through an 02 filter (Varian), and amended with C2H2 to a concentration of 0.05 atm (5.065 kPa). The soil slurries were mixed on an orbital shaker while being incubated at room temperature (ca. 21°C). Between 15 and 90 min after the imposition of anaerobiosis, three gas samples were removed from the headspace for N20 analysis. Activities were determined by linear regressions of N20 production versus time. There were three or four replicate flasks per treatment.
Denitrification in soil columns. A procedure similar to that described and validated by Rice and Smith (12) was used for denitrification in soil columns. Donerail soil was collected from the field, in a nearly saturated condition, and was then broken apart and partially air dried (0.27 g of H20 g of soil-'). One cm) with rubber stoppers at the bases. Further moisture loss before the experiment was prevented by covering these columns with parafilm punctured by a single needle hole. A second portion of the sample was further air dried (0.03 g of H20 g of soil-1) for 5 days before being packed in the cylinders. The experiment was initiated 2 days after the dry soils were packed. Maury soil was packed at a 25% freshmoisture content. Half of the cores were left open in a fume hood to dry for 20 days. The other half (moist treatment) were covered with parafilm for 11 days, irrigated to 43% moisture, and then left open on a bench top for 9 days to slowly bring the moisture content to 33%. Both treatment soils were packed to the same bulk density, 0.93 g cm-3 for the Donerail soil and 1.10 g cm-3 for the Maury soil, by repeated dropping and agitation of the cylinders during and after packing. Before the start of the incubation, some of the cores were used for measurement of enzyme activity, denitrifier populations, and soil NO3-. Eight replicate cores per treatment remained for the incubation. As described previously (12) , cores were irrigated with water containing dissolved C2H2. The final 50 ml added to Maury cores also contained 50 ,ug of KNO3 N ml-'. Moist and dried treatments were brought to the same final water content, 60% for the Donerail soil and 50% for the Maury soil. This resulted in 86 and 95% of the pore space being filled with water for the Donerail and Maury soils, respectively. The cores were covered, and air containing 5% C2H2 by volume was pumped through the headspace. This gas mixture was bubbled through water to slow core drying and to remove much of the acetone from the C2H2. The flux of N gas from the soil was measured by sampling periodically for N2O at the core headspace outlets. At the end of the incubation, three of the replicates were randomly selected, mixed as paste, and subsampled for enzyme activity and denitrifier counts.
Denitrifier cultures. Pseudomonas fluorescens 59 and 72, Pseudomonas sp. strain 224, Alcaligenes sp. strain 17, and Flavobacterium sp. strain 175 were used. Numbers are strain designations referred to in the report of the original isolation from soil (T. N. Gamble, M.S. thesis, Michigan State University, East Lansing, 1976). Cells were grown anaerobically in nitrate broth (Difco Laboratories) for 48 h and then centrifuged, washed, and suspended in 10 mM CaC12. Cells (ca. 5 x 108) were added in a 2-ml volume to 10 g of soil.
Analytical techniques. Nitrous oxide was measured by gas chromatography with an electron capture detector, as previously described (15) . Most-probable-number (MPN [1] ) counts of denitrifiers were done by shaking soil in diluent (0.85 g of NaCl 100 ml of H201) with Tween 80, serially diluting this mixture 10-fold, and inoculating each dilution level into five replicate Hungate tubes containing nutrient broth plus 5 mM KNO3. Denitrification was indicated by depletion of NO3-and NO2-within 2 weeks of incubation, as detected by a spot test with diphenylamine. A previous study (15) suggested that dissimilatory reduction of NO3-to NH4' was not likely to cause a high proportion of false positives in this MPN medium for these soils. Soil N03 was measured as described elsewhere (13) .
RESULTS
Evidence presented in an earlier publication (14) indicated that the short-term, anaerobic assay (previously referred to as phase I) technique provides a measure of preexisting denitrifying enzymes in the soil. It was necessary to modify the technique slightly because the activities of the soils in this study were found to be limited by energy supply. Maximal rates for several samples of Maury and Donerail soils were observed when the solution was amended with 2 to 10 mM glucose. The latter concentration was used for all enzyme assays reported here. Also, adding chloramphenicol, an inhibitor of protein synthesis, facilitated measurements by prolonging the duration of the linear initial phase without altering the initial rate.
The stability of soil-denitrifying enzymes was confirmed by measuring activity after various drying periods in an aerobic atmosphere (Table 1) . Although soil moisture content was not measured at each sampling time, parallel experiments showed that, under these conditions, moisture in both soils dropped to 3 to 6% (all moisture contents are expressed as percentages of oven-dried-soil weight) within 3 days and remained in that range. After 7 days of air drying, To determine if physical contact with the soil was sufficient to stabilize denitrifying enzyme activity, denitrifying P. fluorescens 59 was added to autoclaved soil. Unamended autoclaved soil had no activity, initially or after 7 days ( Table 2) . Immediately after inoculation, activity was high, but after 7 days of drying, no activity was detected. Also, when added cells were allowed to colonize the sterilized soil for 3 days of anaerobic incubation at 30% moisture content and were then air dried for 7 days, no activity persisted.
A second experiment (Table 2) verified that added denitrifiers were able to grow in autoclaved soil kept moist and anaerobic, and this experiment also examined the possibility that the activity of strains other than P. fluorescens 59 could persist under drying conditions. Activity increased by a factor of two during moist anaerobic incubation, indicating that the activity was not necessarily destroyed in the autoclaved soils. However, upon drying, none of the activity persisted.
The stabilized denitrifying enzyme activity of dried Donerail soil was not inherently more resistant to heat than the activity of samples kept moist. In an initial experiment, 40% of the activity of an air-dried sample persisted after 20 min at 78°C, and 32% persisted after an additional 20 min at 88°C. Less than 1% of the activity persisted in fresh samples (25% water) after 20 min at 78°C. However, this difference was apparently due solely to the greater efficacy of heat killing in moist compared with dry soil since, when an air-dried sample was brought to 25% moisture and then immediately subjected to 78°C for 20 min, no detectable activity persisted.
Denitrifying enzyme activity formed in situ just before drying was not persistent, as shown by activity changes in heat-shocked and nonshocked soils ( Table 3) . Activity of nonshocked soils increased during anaerobic incubation; during subsequent drying, it returned nearly to the initial value. Heat shocking (78°C for 15 min) destroyed most of the initial soil activity, but surviving cells at least partially restored activity during the subsequent moist anaerobic incubation. However, this newly formed activity was not persistent during drying. In the shocked Maury soil, no activity was detected after drying, and only 2% of the maximum activity remained in the shocked Donerail soil after drying, but 34% persisted in the nonshocked Donerail soil.
To examine the relationship between denitrifying enzyme activity and actual rates of denitrification under conditions more similar to those likely to occur in the field, enzyme activity assays and direct measurements of gaseous N loss were made on columns of dried and moist soils. As observed previously, small, statistically nonsignificant activity losses were measured during drying (Table 4 , initial activity). This loss of enzyme activity did not result in a lower rate of, or a delay in, actual denitrification in the dried-soil cores ( Fig. 1  and 2 ). In fact, N gas evolution was detectable in the dried-soil cores several hours before it was measured in the moist soils, and maximum rates of evolution were attained sooner in the dried soils. The maximum rates attained were not significantly different, however. In the dried Donerail soil, gas evolution declined rapidly after an early peak 11 h after irrigation. This was presumably due to NO3 depletion.
This soil was collected in a water-saturated condition and probably contained little NO3-initially. Rapid drying allowed no NO3-formation in the dried treatment; just before irrigation, these columns (235 g of dry soil) contained 0.47 mg of NO3 N. Moist preincubation apparently did allow N mineralization and nitrification, since these columns contained 4.34 mg of NO3-N before irrigation. During the 94-h incubation, 0.33 mg of N20 N was evolved from the dried cores, indicating that much of the NO3 (70%) had been depleted. In the Maury soil experiment, N03 limitations were minimized by initially irrigating both dried and moist cores with NO3-solution. In this case, final rates of N20 evolution were the same for both treatments; nevertheless, dried-soil cores began denitrifying sooner.
Denitrifying enzyme activity increased during incubation of irrigated soil cores (Table 4) . Increases were relatively greater in dried soils than in moist soils. This was most apparent in the Maury soil, where dried-soil activity increased more than eightfold but moist-soil activity increased only slightly more than twofold. Denitrifying enzyme activity was always greater than the actual rate of N gas evolution (compare Table 4 with Fig. 1 and 2 ). The maximum rates of N20 release were 0.70 and 0.76 ng of N g of soil-1 min-' for the Maury and Donerail soils, respectively. Surprisingly, apparent denitrifier population size, as determined by MPN counts, responded more to soil drying than did denitrifying enzyme activity. Drying of the Donerail soil resulted in almost a 100-fold decrease in the apparent number of denitrifiers. After irrigation of the cores, apparent populations increased by approximately one order of magnitude in the Donerail soil, but no significant change was detected in the Maury soil.
DISCUSSION
These observations document that denitrifying enzyme activity is remarkedly stable in soils. A previous study (12) indicated that maximum and minimum activities measured (without glucose addition) in Maury soil over the course of a growing season differed only by a factor of about eight, even though actual rates of denitrification in intact soil cores varied over a considerably wider range. In the present study, a significant portion of the denitrifying enzyme activity present in fresh soil samples persisted during extended periods of air drying. In our climatic conditions, soil microbes in situ would infrequently be subjected to moisture stress as severe as that imposed by the laboratory drying treatment. Therefore, it appears that high levels of denitrifying enzyme activity are present continuously in these soils.
The mechanism of denitrifying enzyme persistence in dry, aerobic soils is not known. It was not possible to reestablish persistent activity by inoculating autoclaved soil with denitrifiers, even though these organisms seemed able to colonize the soil. Furthermore, recently synthesized activity, derived from indigenous microbes, was not persistent. The increased activity of soils attained during anaerobic incubation was rapidly lost during subsequent air drying. Therefore, simple physical association with soil does not appear sufficient to stabilize denitrifying enzymes. A possible hypothesis is that slow, continuous growth of denitrifiers in situ results in physical relationships qualitatively different from those formed when added or indigenous microbes grow rapidly in a short period of time. For example, colonization of aggregate centers or formation of stable associations with soil colloids could be slow processes. Another possibility is that two distinct denitrifier populations exist: one population that is persistent on drying but slow growing and not easily isolated or enumerated and a second population, perhaps typified by most characterized Pseudomonas isolates, whose numbers and activity increase and decline more rapidly in response to transient anaerobiosis or drying. A third possibility, stabilization of extracellular enzymes, would be surprising given the nature of these respiratory enzyme systems.
As expected, denitrifying enzyme activity did increase when soils were incubated anaerobically or in nearly watersaturated cores. Yet the magnitude of these increases was modest relative to the range of actual soil denitrification rates. In these experiments, enzyme activity increased by as much as a factor of nine in the Maury soil and only increased by two-to threefold in the Donerail soil, whereas rates of N gas loss from cores increased from below the limit of detection (ca. 0.01 ng of N g-1 min-') to almost 1 ng of N g-
min-
The relationships between denitrifying enzyme activity and denitrifier population counts were unexpected. For example, a 32% loss in enzyme activity in the dried Donerail soil was accompanied by nearly two orders of magnitude of decline in isolatable denitrifiers. Assuming an average cell dry weight of 0.5 x 10-12 g, the activity in the dried Donerail soil would be 6 mg of N mg of cell [ The slight losses in enzyme activity and the larger decreases in MPN counts occurring during drying did not result in delayed or reduced rates of denitrification when dried-soil cores were irrigated to near saturation. Although maximum rates attained were similar in previously dried and moist cores, denitrification began much sooner in dried soils. This result might be related to the well-documented release of available organic matter in soils subjected to drying-wetting cycles (3) . A flush of microbial respiration as dried soils are moistened presumably results in more rapid depletion of soil 02 and, consequently, faster activation of existing denitrifying enzymes. However, this assumed greater availability of microbial substrate did not significantly increase maximum denitrification rates in the dried cores. Perhaps the supply of electron donor was not directly limiting denitrification; rather it was exerting an indirect effect through control of soil aeration.
More rapid initial rates of denitrification in air-dried soils have been observed by several others. This has generally been attributed solely to an increase in organic-matter availability caused by drying and wetting. Our conclusions are similar, but we have shown additionally that this response is permitted by the rather remarkable stability of denitrifying enzymes in dry soils.
Denitrification is a dynamic and sensitive process, responding rapidly to environmental changes. Knowledge of the mechanism of this response appears to be required for the prediction and better understanding of soil N loss. Further characterization of the relationships among denitrifying enzyme activity, denitrifier numbers, and actual rates of N gas production, as attempted here, seems a useful approach to this problem. Improved methods of enumerating and characterizing denitrifier populations would also be helpful. The experiments reported here do provide some insight into the mechanism of denitrifier response. Soil enzyme levels were always high (1 ng of N g of soil-' min-' would extrapolate to ca. 3 kg of N ha-' day-' for a 20-cm soil depth); even in dried soils they were higher than rates of N gas evolution from near-saturated-soil cores. Also, changes in enzyme activities or in apparent denitrifier numbers were not clearly related to actual rates of denitrification. This would suggest that, at least for short-term denitrifying events, the rate of growth of denitrifiers or the rate at which they synthesize denitrifying enzymes was of less importance than the activation or inactivation of existing enzymes by fluctuating 02 concentrations in the soil.
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